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Volume-dependent parameters in essential hypertension. Blood
pressure, renal blood flow, total blood volume (TBV), plasma
renin activity, and vascular reactivities to angiotensin and norepi-
nephrine were studied in 48 normotensive subjects and 106 essen-
tial, sustained, hypertensive patients with normal renal function,
balanced sodium intake, and urinary output. A significant nega-
tive pressure-volume relationship was observed in normal subjects.
Among the hypertensive patients, some were inside the 95% con-
fidence limits of the normal curve and the others were above, in-
dicating a disturbance in the pressure-volume relationship. A quan-
titative evaluation of the pressure-volume disturbance was proposed
and discussed. The blood pressure of each hypertensive patient cor-
responded to two different blood volume values: the real value and
the theoretical value extrapolated from the normal curve. The
difference between the two values was called sTBV and was posi-
tive in hypertensive patients. The TBV value was negatively
correlated with the renal blood flow, the creatinine clearance, the
plasma renin activity, and the vascular reactivities to angiotensin
and norepinephrine (P < 0.0001). The parameters were not corre-
lated with the real blood volume. This study demonstrates quan-
titatively a pressure-volume disturbance in essential hypertension.
This disturbance is strongly correlated with the renal function and
the renin-angiotensin system changes.
Paramètres volume-dépendants dans l'hypertension essentielle.La
pression artérielle, le debit renal, Ic volume sanguin total (VST),
l'activité rénine plasmatique et les réactivités vasculaires a
l'angiotensine et a Ia noradrCnaline sont étudiCs chez 48 sujets
normotendus et 106 hypertendus permanents essentiels ayant une
fonction rCnale normale et une balance sodée equilibrée. Une
relation linéaire negative et hautement significative est retrouvée
entre Ia pression artérielle diastolique et le volume sanguin des
sujets normaux. Vingt pour cent des hypertendus sont situés dans
les limites de confiance de la courbe normale, tandis que 80% soot
situés au-dessus, indiquant ainsi un trouble de Ia relation pression-
volume. Une evaluation quantitative de ce trouble est proposCe. La
pression artérielle de chaque sujet hypertendu correspond a 2
valeurs du volume sanguin: Ia valeur réelle et Ia valeur théorique,
qui est extrapolée de Ia courbe normale. La difference entre ces
deux valeurs est appelee VST. Chez les hypertendus zVST est
positif. II est nCgativement corrélé aux paramétres suivants: le debit
renal, l'activité rénine plasmatique et les réactivités vasculaires a
l'angiotensine et Ia noradrénaline (P < 0.0001). Aucun de ces
paramètres n'est corrélé avec Ia valeur réelle du volume sanguin.
Ce travail : i) permet une evaluation quantitative du trouble de Is
regulation pression-volume des hypertendus, et ii) étudie les modi-
fications de Ia fonction rénale et de l'activité refine plasmatique en
fonction de cc trouble.
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Overhydration and renin are often involved mech-
anistically in the pathogenesis of high blood pressure.
The pressor effects of these two parameters have been
demonstrated extensively during acute periods of vol-
ume-expansion and salt-depletion [1]. However, their
respective role in patients studied during steady-state
sodium balance is somewhat controversial [1]. In
most forms of hypertension in man, a nonconsistent
or close relationship was observed between volume
and renin, or pressure and renin. Therefore, the un-
derstanding of overhydration and renin in the long-
range control of arterial blood pressure is still un-
known.
The failure to find such a relationship may, to some
extent, be attributed to the inverse relationship be-
tween volume and renin [1]. Volume expansion may
increase blood pressure, but in turn, may also reduce
renin release. The difficulty of interpretation is easily
explained: the overactivity of one factor leads to
underactivity of the other one. This suggests that a
multifactorial approach is necessary to evaluate the
real linkages between volume, pressure, and renin. A
similar observation could be made concerning other
volume-dependent parameters, such as vascular reac-
tivities to vasoactive substances [2].
A negative pressure (or resistance)-volume rela-
tionship has been described previously both in nor-
mal subjects and hypertensive patients [3, 4]. The
correlation suggests that a negative retroactive con-
trol exists between pressure and volume. It has been
shown [5] that this mechanism operates differently in
normotensive and hypertensive patients, in the latter
group resulting in an inappropriate blood volume for
the pressure level. Such a disturbance could be re-
lated to the renin level and used to evaluate the
interrelationships between pressure, volume, and re-
nm.
The purpose of this study is: 1) to establish the
pressure-volume relationship in normotensive and es-
sential hypertensive patients, 2) to define in hyperten-
sive patients a quantitative index of the pressure-
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volume disturbance, and 3) to correlate this index
with three well known volume-dependent parame-
ters: plasma renin activity and vascular reactivities to
angiotensin and norepinephrine.
Methods
Patients. One hundred and six male patients with
sustained hypertension and 48 normal male subjects
were included in this study. All patients were un-
treated or had discontinued their therapy at least four
weeks before the study. Subjects were considered to
have sustained hypertension when the diastolic pres-
sure on three consecutive outpatient blood pressure
recordings was consistently above 100 mm Hg during
the untreated period. The patients were hospitalized
for six days and placed on a 110 mEq/day sodium
diet. They were considered to be in a steady-state
sodium balance as judged by measurements of
weight, sodium intake and urinary output. Extensive
investigations included blood and urinary electrolyte,
and catecholamine determinations, endogenous
creatinine clearance values, timed intravenous uro-
graphy with a wash-out test, and/or renal arterio-
graphy. All patients were diagnosed as having essen-
tial hypertension. None had cardiac or neurologic
involvement. Mean creatinine clearance value was 97
3 ml •min' 1.73 m2. Clinical characteristics are
listed in Table 1.
The protocol was approved by the Institut Na-
tional de Ia Sante et de Ia Recherche Médicale, Paris
(INSERM). Informed consent for investigation was
obtained from the patients after detailed description
of the procedure had been provided.
Hemodynamic determinations. Blood pressure, to-
tal blood volume, and renal blood flow were deter-
mined on the third day of hospitalization. After over-
night fasting, the patients were brought to the
laboratory without premedication. An 18-gauge,
thin-walled needle was inserted into a brachial artery
for the measurement of continuous intraarterial
blood pressure. At this time, 11 of the hypertensive
patients had a diastolic pressure under 95 mm Hg,
and the others were above that level.
Table 1. Clinical characteristics of normal subjects and patients
with essential hypertension
Parameters Normal subjects
Permanent hypertensive
patients
Number patients 48 106
Age, years 35 + 2 39
Weight, kg 66 2 75 I (P < 0.05)
Height, cm 169 1 172 I
Body surface area, in2 1.76 0.02 1.87 (1.01 (P <0.001)
Values are represented as + 1 SEM.
Before the hemodynamic study, total plasma and
blood volume were measured in the recumbent posi-
tion by the isotope-dilution technique using radio-
iodinated albumin, as previously described [61. After
a control sample was taken, 3iCi were injected at
zero time; ten minutes later, a sample was taken for
counting.
The renal blood flow was estimated by the ''I-
hippurate clearance (20 tCi) and determined by using
the single injection method. After a control sample
was taken, the injection was done at zero time, and
blood samples were collected five times between the
10th and the 20th mm. Radioactivity concentrations
were plotted against time on semilogarithmic paper.
The calculation was made by using the model of one
compartment mammillary system as previously de-
scribed [7, 8]; the creatinine clearance was deter-
mined according to the methods reported elsewhere
[9].
Hormonal Study. The determination of plasma re-
nm activity was performed the same day as the
hemodynamic study with the patients on a 110
mEq/day sodium diet. Blood samples were taken at 8
A.M. in supine position. All methods have been de-
scribed in detail elsewhere [10]. Routine procedures
including plasma aldosterone determinations [11] be-
fore and after saline excluded primary aldosteronism.
Pressor-response to angiotensin and norepinephrine.
After the hemodynamic study, infusion of 5% glucose
in water was begun in an antecubital vein, and the
intraarterial blood pressure was checked. Without
disturbing the patient, the infusion was changed for
one containing 250 ng/ml of angiotensin delivered at
a given rate by a Harvard pump. The infusate was
prepared by the addition of 125 y of the original
solution to 500 ml of 5% glucose in water. The rate of
infusion was successively increased eery five minutes
with the following doses; 4 ng/kg of body wt/min, 6
ng/kg/min, and 8 ng/kg/min. Between each in-
fusion, the Harvard pump was stopped for five to ten
minutes in order to obtain the blood pressure base-
line values. The dose response curve was then plotted
semi-logarithmically (x axis = log dose/kg of body
wt/min; y axis = increase in diastolic arterial pres-
sure, mm Hg). The pressor dose of angiotensin was
calculated as the amount necessary to obtain an in-
crease in diastolic pressure of 20 mm Hg and was
expressed in ng/kg of body wt/min. A similar
method was used to determine the pressor dose of
norepinephrine [6].
Statistical study. Statistical analysis using classical
methods [12] (difference in means, correlations, step-
rise regression) was performed. The characteristics of
normotensive and hypertensive patients are indicated
in Tables 2 and 3.
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Table 2. Hemodynamic parameters of normotensive and
hypertensive patientsa
@ Normotensive patient
Hypertensive patient
TBV definition
Parameters Normal subjects
Permanent hypertensive
patients
Number of patients 48 106
Systolic arterial 125 + 2 197 4 (P < 0.001)
pressure, mm Hg
Diastolic arterial 72 + 2 117 2 (P <0.001)
pressure, mm Hg
Total blood volume
m/X kg ' 79±2 70 + I (P <0.001)
ml >< cm' 31 0.5 30.5 0.3
Hematocrit, % 44 I 44 1
Renal blood flow
mix mEn X1 X
l.73m 2 1567+98 1380±54(N=64)
Values are represented as I SCM.
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Results
The pressure-volume relationship in normotensive
and hypertensive subjects (Fig. 1). A highly significant
negative pressure-volume relationship was found to
exist in normal subjects (r =
—0.69; P < 0.0001). No
correlation is observed in hypertensive patients. Fig-
ure 1 shows the regression line and the 95% confidence
limits for the normal curve, permitting the observa-
tion that some of the hypertensive patients are in-
side and the others are above these limits.
When analyzing the overall population, a signifi-
cant negative hyperbolic pressure-volume relation-
ship is observed (r =
—0.59; p < 0,0001). The corre-
lation is not age-dependent (partial correlation).
Similar results were observed with other ap-
proaches to normalization of blood volume, such as
body surface area.
Definition of a quantitative index of the pressure-
volume disturbance in hypertensive patients. Figure 1
shows that, for each hypertensive patient, two differ-
ent blood volume values can be defined: the real
blood volume and the theoretical and extrapolated
blood volume, corresponding to the interception of
the blood pressure with the normal curve. The differ-
ence between the two values can be called "relative
change in blood volume" or LTBV.
Table 3. Volume-dependent parameters of normotensive and
hypertensive patientsa
a)
E
0'S.>
50 100 P150 200
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Fig. I. The pressure-volume relationship in normotensive and hyper-
tensive suhject,s (semi-logarithmic scale). A negative correlation
exists in normal subjects (y = —0.0036x + 2.1536; r =
—0.69; P <
0.0001) and in the overall population (r = —0.59; P < 0.0001), but
not in hypertensive patients. The 95% confidence limits of the
normal curve show that only 20% of the hypertensive patients are
inside the normal limits. The remainder is outside the limits and
the TBV value measures the degree of the pressure-volume dis-
turbance (see text). TBV was calculated from an exponential
model, but a linear or a hyperbolic model gave quite similar
results.
Correlations of the TBV value. Figure 2 shows the
hyperbolic significant correlation between LTBV and
the renal blood flow (r =
—0.60; P < 0.001). The
relationship exists even for a constant diastolic pres-
sure (partial correlation).
Figure 3 shows strong negative correlations (P <
0.0001) between TBV and plasma renin activity,
pressor doses of angiotensin and norepinephrine,
respectively.
Plasma renin activity is not significantly correlated
with age, real blood volume (expressed in ml .kg',
ml.cm1, or ml.body surface area'), or diastolic
pressure.
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P< 0.00001
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Permanent
Parameters
Normal
subjects
hypertensive
patients
Supine, plasma renin activity 2.92 + 0.34 3.11 + 0.36
ngXmiX1X3hr2 N=l2 N=40
Pressordoseofangiotensin, 7.15 3.93 9.33 1.37
ngXkg'Xmin' N=Il N=28
Pressor dose of
norepinephrine 220 + 12 358 69
ngXkgXmin1 Nl2 N40
5 10 15 20 25 30 35
Renal blood flow, ml min' kgt
a Values represented as 1 SCM.
Fig. 2. Correlation between the TBV value and the renal blood
flow.
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Discussion
Systems analysis has emphasized the role of a nega-
tive pressure-volume feedback mechanism in the
long-term control of arterial blood pressure [15—18].
The increase in pressure induces an increase in
urinary output and a decrease in blood volume. This,
in turn, reduces the cardiac output and finally the
total peripheral resistance, causing the arterial pres-
sure to return towards normal level. Therefore, the
decrease in volume contributes to maintain the pres-
sure within normal ranges. The negative pressure-
volume relationship, which is observed in normoten-
sive subjects, parallels this mechanism and so consti-
tutes a working model in human clinical in-
vestigation.
Since no significant pressure-volume relationship was
observed in hypertensive patients, the present study
demonstrates that such a pressure control acts differ-
ently in patients with high blood pressure. The data
illustrated in Figure 1 show that some hypertensive
patients are within the 95% confidence limits of the
normal curve, while the remainders are out of the
normal mechanism. This result implies the existence
of a pressure-volume disturbance in hypertensive
patients. The real problem is to evaluate quan-
titatively the disturbance in each individual subject.
From the analysis of the hyperbolic curve of the
overall population, two methods can be proposed
(Fig. 4). The first one is to characterize the distur-
bance by the slope of the curve, i.e., the ability to
decrease the volume per unit rise in pressure. The
slope can be quantitatively evaluated in individuals:
the procedure has been published in details elsewhere
[19]. The second approach is quite similar. The hy-
perbola is divided into two components (Fig. 4): 1) a
rapid component, corresponding to the normal sub-
jects, and 2) a slow component, corresponding to the
hypertensive patients. By analogy with the peeling-
off technique, the ZTBV value is evaluated and char-
acterizes the pressure-volume disturbance of hyper-
tensive patients.
Strong relationships were observed between the
TBV value and several indexes of renal function
and renin-angiotensin system. The negative correla-
tion with renal blood flow points to the fact that the
higher the pressure-volume disturbance, the lower the
renal blood flow. As detailed elsewhere [5—19], this
result parallels the Guyton assumption, pointing to
the existence of a renal defect in all hypertensive
patients [18]. However, the major finding of the study
was the negative correlation between the LTBV value
and plasma renin activity. In contrast with previous
reports [13—14], renin is not correlated with blood
volume or blood pressure alone, but rather with the
two parameters together. Since ZTBV reflects the
r =
—0.54
P< 0.001
y= —O.018x + 1.1
r =
—0.50
P< 0.0001
y= —0.036x + 2.8
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Fig. 3. Relationship between the TB V value and 3 volume-dependent parameters: plasma
renin activity and pressor doses of angiotensin and norepinephrine (semi-logarithmic scalej.
Hyperbolic curve of the
overall population: the
slope decreases when the
pressure increases/
0)
E
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normal
subjects
\
Extrapolation
2nd component:
hypertensive patients
Pressure
Fig. 4. The two proposed methods to characterize the pressure-
volume disturbance in individuals.
208 Volume-dependent parameters in hypertension
impaired pressure-volume relationship in hyperten-
sive patients, the demonstrated correlation suggests
that the TBV value (and perhaps, a decreased vas-
cular capacitance [20]) would be the alternative to
volume expansion as a means of increasing effective
circulating volume and explaining the renin changes.
The result does not concern severe or malignant hy-
pertension [21], but provides a possible explanation
of the low renin syndrome in essential hypertension
with normal renal function. In the present study, hy-
permineralocorticism was excluded. In addition, the
renin values were not related to age [22]. In view
of the continuous relationship, the syndrome could
reflect a stage in the disease when renin suppression
is more intense [23], and this could be due to an ex-
cess in blood volume relative to the pressure level.
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